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ABSTRACT 
The danger of climate change looms in the minds of researchers across the world. To 
combat this threat, many have focused efforts on the development of clean energy. In this study, 
the renewable resource that is investigated is biomass, specifically red oak. Energy can be 
extracted from biomass by fast pyrolysis, where the feedstock is rapidly heated within a reactor 
to approximately 500℃ in the absence of oxygen. This produces biochar, ash, and condensable 
gases that, once cooled, become a bio-oil. To optimize economic feasibility, the process must 
operate continuously. This presents a problem—the presence of ash as a fast pyrolysis product 
has been experimentally shown to decrease reaction yield over time. Therefore, the ash must be 
separated and removed, regenerating the associated heat carrier. For this study, this is 
accomplished by applying the concept of particle elutriation. Solid products from fast pyrolysis 
are loaded into a fluidized bed reactor, and ash elutriation is studied for temperatures ranging 
from 450℃ to 750℃ with varying sweep gas velocities. Elutriated solid particles are captured 
with a collection cyclone that is designed using the Barth model. Captured particles are 
quantified using Thermogravimetric Analysis (TGA) and Inductively Coupled Plasma (ICP) 
analysis, allowing one to determine mass composition and elemental concentrations. Results 
show that, in general, increasing sweep gas velocity improves the elutriation efficiency of ash 
particles. However, char elutriation was significant in all tested conditions, and likely impacted 
the ash collection efficiency of the cyclone. Results from ICP indicate that calcium and 
potassium are the most abundant metals in cyclone catch samples, and have much lower 
concentrations in sieved samples from the reactor bed following regeneration. 
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CHAPTER I 
INTRODUCTION 
 
1.1 Motivation 
Amidst the impending threat of climate change and uncertainty surrounding the future 
availability of fossil fuels, the development of renewable energy technology has become a 
significant venture. As a result, many researchers have focused their efforts on bio-renewables. 
When one considers bio-renewables in general, the first connection drawn is usually to corn-
based ethanol. This is logical, considering that corn-based ethanol has likely received the most 
attention from researchers and the general public as a source of renewable energy. However, bio-
renewable fuel sources take on more forms than corn; they also include cellulose, algae, grasses, 
wood, or even vegetable oil. For this study, the primary bio-renewable resource is red oak wood. 
Energy is extracted through fast pyrolysis, where wood is rapidly heated and pyrolized, 
decomposing it and generating products of bio-oil, biochar, ash, and non-condensable gases. Of 
particular importance is the bio-oil and biochar—bio-oil has the potential to serve as a 
replacement for gasoline, while biochar can be utilized as a soil amendment that improves crop 
yields. The focus of this research is based around the concept that fast pyrolysis must be a 
continuous process for the sake of economic feasibility on a large scale. This continuity and 
economic feasibility can be achieved by recycling energy from the biochar produced by fast 
pyrolysis, and by regenerating spent heat carrier. Once this goal is reached, the technological 
feasibility of biomass as a fossil fuel alternative will improve, moving the world one step closer 
toward properly addressing climate change and the dependence on fossil fuel energy sources.  
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1.2 Definition of Terms 
For ease of reference, several important terms and procedures used throughout this thesis 
are defined below. 
 
Collection Cyclone: A mechanical device that utilizes a sweep gas and centripetal force in order 
to separate particles of a specified size. 
 
Cut Size (Cut-50): The minimum particle size that a collection cyclone is designed to capture 
with 50% efficiency. 
 
Cyclone Catch Sample: A sample that is collected from the solids catch of the cyclone 
following a regeneration trial. 
 
Differential Centrifugation: A solid particle separation technique that is driven by differences 
in both particle size and particle density. Upon rapid rotation, large and dense solids will 
sediment at the bottom of a container. 
 
Elutriation: The process of separating tiny particles using a stream of flowing liquid or gas. 
Frequently, the direction of flow is opposite to the direction of sedimentation.  
 
Entrainment Velocity: The velocity required for a particle of a given size and density to be 
transported across an interface of two fluids. 
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Fast Pyrolysis: The rapid heating of biomass at temperatures around 500oC, which results in 
products of biochar, bio-oil, ash, and gases. 
 
Fluidized Bed Reactor: A type of reactor utilized to carry out multiphase reactions. The setup 
includes a bed of solid particles, with a liquid or gaseous stream sweeping through it. 
 
Heat Carrier: Particles, in this case silica, that assist in heat transfer between two entities. 
 
Inductively Coupled Plasma (ICP): A spectroscopy technique that allows one to determine the 
elemental composition of a small sample. 
 
Isopycnic Centrifugation: A solid particle separation technique that is driven by differences in 
particle density. Upon rapid rotation, each type of solid will form a unique band within the 
suspending medium. The location of each band is dependent upon particle density relative to the 
suspending medium. 
 
Minimum Fluidization Velocity: The velocity at which a particle of a given size and density 
becomes suspended within a fluid. 
 
Regeneration Trial: A term used to describe each individual experimental regeneration attempt. 
The trial involves a heat-up phase in the presence of nitrogen sweep gas, followed by the 
removal of prematurely elutriated biochar from the cyclone catch. Then, the sweep gas becomes 
air and runs for 45 minutes at a constant temperature and velocity as data are collected. 
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Regenerator: A broad term used to represent the fluidized bed reactor that is purifying the heat 
carrier, making it suitable for reuse. 
 
Regenerator Bed Remainder Sample: A sample that is collected from the reactor bed 
following a regeneration trial. These samples consist entirely of particles with a diameter that is 
less than 250 μm. 
 
Shakedown Test: A term used to describe an examination of the functionality of a collection 
cyclone using a simulation of experimental conditions. 
 
Sweep Gas: A gas stream that flows through the regenerator bed in order for fluidization to 
occur. During the heat-up phase of a regeneration trial, the sweep gas is pure nitrogen, and 
during the regeneration phase, the sweep gas is air. 
 
Thermogravimetric Analysis (TGA): A thermal technique that allows one to determine the 
percentage of ash and biochar in a small sample. 
 
1.3 Hypothesis 
1) The concept of particle elutriation can be utilized in conjunction with a collection cyclone 
in order to remove intrusive materials from a solid particle mixture.  
2) The removed materials can be distinguished and quantified using known scientific 
technology. 
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1.4 Goals 
The goal of the research supporting this thesis is to examine the process of elutriating ash 
from a fluidized bed of mixed solids. The list of objectives is as follows: 
1) Design an ash collection cyclone. 
2) Determine the conditions to elutriate and capture ash from the biochar regenerator. 
3) Measure the mass and composition of the particles in the cyclone catch in order to 
determine the ash content that was elutriated. 
The above goals will be addressed by first reviewing literature to determine the appropriate 
equations and procedures. Then, the experimental plan will be outlined, followed by the 
presentation of results. Finally, conclusions will be drawn as it pertains to the results, as well as 
an analysis of the additional work that could be completed in the future to expand upon them. 
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CHAPTER II 
LITERATURE REVIEW 
 
2.1 Overview 
 In this chapter, a literature review is provided that encompasses information related to the 
extraction of renewable energy from biomass. It will begin by examining the process of fast 
pyrolysis, as well as heat carrier regeneration within a fluidized bed reactor. It will continue by 
discussing the concept of elutriation, and how a collection cyclone could be used in order to 
capture elutriated particles. The review will conclude by exploring common methods of solid 
particle mixture analysis.  
 
2.2 Fast Pyrolysis 
 The process of fast pyrolysis is defined as the anaerobic thermal decomposition of 
biomass at temperatures around 500℃ [1]. When exposed to these conditions, biomass is 
converted into a combination of solids and gases. The condensable gases can be converted into a 
liquid product that is dominantly organic, with a 15-30 wt% water content, while the solid 
products consist primarily of biochar and ash. The organic liquid stream is of particular interest, 
due to its potential as an alternative to oil and gasoline. This is in stark contrast to ethanol, which 
is solely used as a fuel additive, and therefore only marginally decreases dependence on fossil 
fuels. The biochar byproduct of this process also presents a benefit as a soil amendment [2]. 
Biochar’s surface area and pore structure are oriented perfectly for the growth and support of 
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fungi and micro-organisms. The presence of certain fungi in the soil increases the nutrient 
absorbance of plants, boosting crop yields [2]. 
 In order for fast pyrolysis to be sustainable, one must design an experimental setup such 
that heating and processing of biomass can continuously occur. This can be accomplished by 
using a fluidized bed reactor with a heat carrier that improves the heat transfer to the biomass. 
However, ash, the third primary product of fast pyrolysis, presents a problem with this concept. 
As fast pyrolysis occurs, ash is produced and remains within the reactor. As operation time 
continues, the presence of ash in the reactor lowers the pyrolysis temperature, causing the 
reaction to favor biochar formation and decrease the yield of the organic liquid product. In 
addition, ash can cause fouling and erosion within the reactor [3]. Therefore, if continuous fast 
pyrolysis is desirable, it is necessary to regenerate the heat carrier, removing the ash from the 
reactor at the end of each cycle. Figure 2.1 provides a schematic of the heat carrier regeneration 
process, which illustrates system inputs and outputs, and key features such as the fluidized bed 
regenerator, freeboard region, and ash collection cyclone. 
 
Figure 2.1: Schematic of the heat carrier regeneration process.  
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The fluidized bed reactor provides a steady environment where regeneration can occur. In 
order for the bed to become fluidized, a sweep gas traveling at least at the minimum fluidization 
velocity must be introduced [4]. The minimum fluidization velocity (u୫୤) is determined from: 
u୫୤ =
g൫ρ୮ − ρ୥൯d୮
ଶ
1650μ
                    for Re୮ < 20                                             (2.1) 
u୫୤ = ඨ
g(ρ୮ − ρ୥)d୮
24.5ρ୥
                   for Re୮ > 1000                                        (2.2) 
       
where g is the gravitational constant, ρ୮ is the average true density of the entrained particle, ρ୥ is 
the density of the sweep gas through the reactor, μ is the dynamic viscosity of the sweep gas, and 
d୮ is the average entrained particle diameter. The Reynolds number (Re୮) is defined as: 
Re୮ =  
d୮ρ୥u୥
μ
                                                                   (2.3) 
where u୥ is superficial velocity of the sweep gas. Typically, the minimum fluidization velocity is 
measured experimentally due to dependence on precise particle properties. Regardless, Equations 
2.1-2.3 can be used for relative magnitude approximations.  
The true velocity of the sweep gas is dependent upon the experimental setup—at high 
enough velocities, particles within the bed elutriate, or escape, out the top of the reactor. In 
general, this occurrence is undesirable because of the loss of important experimental 
components. However, given the context of heat carrier regeneration, elutriation can serve a 
positive purpose in removing ash from the reactor bed. This can be accomplished by strategically 
specifying a sweep gas velocity that meets the minimum fluidization threshold, and also exceeds 
the velocity required to entrain ash particles. However, it is important to note that this assertion 
assumes that the entrainment velocity (u୲) of the ash is lower than that of the heat carrier, which 
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would allow ash to become entrained while heat carrier material remains within the fluidized 
bed. The entrainment velocity, defined as the gas velocity at which particles of a given size and 
density are forced out of the bed, is dependent upon Reynolds number and calculated from [4]: 
u୲ =
g(ρ୮ − ρ୥)d୮
ଶ
18μ
                       for Re୮ < 0.4                                            (2.4) 
u୲ = d୮ ቈ
4
225
(ρ୮ − ρ୥)ଶgଶ
ρ୥μ
቉
ଵ/ଷ
  for 0.4 < Re୮ < 500                               (2.5) 
u୲ = ቈ
3.1g(ρ୮ − ρ୥)d୮
ρ୥
቉
ଵ/ଶ
          for 500 < Re୮ < 200,000                     (2.6) 
 
These equations can be used iteratively, comparing the resulting entrainment velocities against 
the associated Reynolds number flow regimes. This allows one to ensure that the proper equation 
is used for a given set of experimental conditions. 
One additional characteristic of the fluidized bed reactor is the pressure drop across it. As 
the velocity of the sweep gas rises, the pressure drop across the bed increases as well. This 
occurs until the gas velocity is sufficient for the particles in the bed to experience a drag force 
that is equal to the particle weight, allowing fluidization to begin [5]. At this point, further 
increases in gas velocity do not increase the pressure drop. The weight of the suspended particles 
is now the primary contributor to the magnitude of the pressure drop, resulting in stabilization 
until the onset of particle entrainment. Equation 2.7 allows one to investigate the relationship 
between bed pressure drop (∆Pୠୣୢ), bed height (Hୠୣୢ), and the bed bulk density during the 
period of particle suspension (ρୱ), where ε is the bed voidage [5]. 
∆Pୠୣୢ = Hୠୣୢg൫ρୱ(1 − ε) − ρ୥൯                                            (2.7) 
 
Figure 2.2 provides an example of a minimum fluidization curve, which portrays how the 
pressure drop (y-axis) changes with sweep gas velocity (x-axis). 
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Figure 2.2: Typical pressure drop curve in a fluidized bed [4]. 
 
2.3 Elutriation 
Elutriation is a key concept in the process of removing ash from a solids mixture in a 
fluidized bed reactor. Given a sufficient sweep gas velocity, bed particles become entrained, and 
lighter, less dense particles can be forced, or elutriated, out the top of the reactor. With proper 
reactor design and operating conditions, elutriation can be used to remove particles of a specific 
size from the bed. This is applicable in the context of heat carrier regeneration, as ash is a 
pyrolysis product that limits regeneration potential.  
 Within the reactor, a portion is filled with bed particles, while the remainder is left 
vacant. The column height above the bed of particles is referred to as the “freeboard height” [6]. 
When the freeboard height is small, the rate of elutriation is relatively large. As the freeboard 
height increases, the rate of elutriation decreases and eventually becomes constant, as 
qualitatively shown in Figure 2.3. This results from the fact that a larger freeboard height 
provides sufficient distance for gravity to counteract particle velocity.  
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Figure 2.3: Relationship between freeboard height and elutriation rate. 
 
The freeboard height at which gravity neutralizes the elutriated particle velocity is 
defined as the Transport Disengagement Height (TDH) [6]. This is a critical design 
characteristic, and can be determined through experimentation with a specific bed material. It is 
economically desirable to design a fluidized bed reactor such that the freeboard height is equal to 
the TDH. If the freeboard height exceeds the TDH, then the rate of elutriation will be low due to 
oversaturation of entrained particles. If the freeboard height is smaller than the TDH, then larger 
particles may elutriate out of the bed. In either case, the result is generally undesirable. 
 The rate of elutriation or elutriation flux, E, is presented in ቀ ୩୥
୫మୱ
ቁ, and can be determined 
using knowledge of a variety of fluidized bed characteristics. Most similar to the task at hand is a 
correlation discovered by Tasirin and Geldart [7]. This relationship utilizes gas density (ρ୥), 
superficial velocity (u୥), and entrainment velocity (u୲): 
E = 14.5ρ୥u୥ଶ.ହexp ቆ−
5.4u୲
u୥
ቇ                                                   (2.8) 
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 According to this correlation, as the sweep gas density or the superficial gas velocity 
increases, the rate of elutriation also increases. However, due to the exponential dependence on 
entrainment velocity, it is also expected that the elutriation rate decreases as entrainment velocity 
increases. From this, it is assumed that the sweep gas velocity could be optimized in order to 
promote fluidization, yet achieve a desired rate of elutriation. 
 
2.4 Collection Cyclones 
 In order to capture ash from the regenerator, a collection cyclone is used. As the 
elutriation stream, composed of a gas and solids, enters the top section of the cyclone, its 
cylindrical shaped body induces circular motion. The centrifugal force associated with this 
motion separates the solids from the sweep gas, pressing the solids down and along the walls of 
the cyclone. The solids can then be collected at the outlet at the bottom of the cyclone, while the 
gas is allowed to escape out the top. 
The design of the collection cyclone can be guided by a variety of models. These models 
take a wide array of physical properties into account, ranging from a simple balance of forces to 
residence analysis. They each assume the following [8]: 
1. The ash particles are approximately spherical. 
2. The sweep gas has a radial velocity equal to zero. 
3. Stokes law can adequately represent the radial force on the ash particle. 
4. Adjacent ash particles do not affect the motion of other particles. 
It was determined that a model based upon a force balance was sufficient in estimating 
cyclone dimensions, narrowing the field to models proposed by Barth [8], and by Leith and Licht 
[8]. In order to select the optimal model for the experimental setup, an error analysis provided in 
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the literature was employed [9]. This analysis utilized an ample amount of experimental data in 
order to determine the margins of error associated with various design models throughout the 
process of calculating the cyclone pressure drop, separation efficiency, and particle cut size, 
defined as particle size that one wishes to separate with a specified efficiency. As shown in Table 
2.1, under the operating conditions of low ash particle and gas velocities, ambient pressure, and a 
temperature of approximately 550℃, the Leith and Licht model had a comparable percentage of 
error to the Barth model as it pertains to particle cut size determination. However, the Leith and 
Licht model generally had much larger margins of error than the Barth model in calculating the 
cyclone pressure drop. Therefore, the Barth model was pursued in this research.  
 
Table 2.1: Cyclone model percent error analysis [9]. 
% Error Analysis Barth Model Leith and Licht Model 
Pressure Drop 19-72% 84-236% 
Separation Efficiency Dependent on Cut Size 17-80% 
Particle Cut Size 16-67% 12-32% 
 
 
The Barth model, like many other models, predicts cyclone dimensions as functions of 
the cyclone diameter. The dimensions studied are labeled in Figure 2.4. Here, D is the body 
diameter, H is the total height, Hc is the height of the conical portion, Dd is the dust outlet 
diameter, Dx is the diameter of the gas outlet, or “vortex finder”, a and b measure the dimensions 
of the inlet port, and S is the length of the vortex finder. According to general experimental data 
collected in [10], the Barth cyclone dimensions can be estimated as shown in Table 2.2. These 
estimates are used as a basis for determining accurate correlations for the experimental operating 
conditions.  
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Figure 2.4: Barth cyclone design parameters. 
 
 
Table 2.2: Barth cyclone dimension correlations from the literature, where D is the cyclone body 
diameter [10]. 
 a b Dx Dd H S Hc 
Barth 0.53D 0.13D 0.33D 0.33D 2.58D 0.73D 1.89D 
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The pressure drop, particle cut size, and separation efficiency are of particular importance 
in cyclone design. The pressure drop across the cyclone is determined by [11]: 
∆p = ∆pୠ୭ୢ୷ +  ∆p୶                                                      (2.9) 
where ∆pୠ୭ୢ୷ is the pressure drop across the body of the cyclone and ∆p୶ is the pressure loss in 
the vortex finder. These terms are determined using the following: 
∆pୠ୭ୢ୷
0.5ρ୥v୶
ଶ =
D୶
D
⎝
⎛ 1
൬ v୶v஘ୌ
− (H − S)0.5D୶
f൰
ଶ − ൬
v஘ୌ
v୶
൰
ଶ
⎠
⎞                             (2.10) 
∆p୶
0.5ρ୥v୶
ଶ = ൬
v஘ୌ
v୶
൰
ଶ
+ K ൬
v஘ୌ
v୶
൰
ସ
ଷ
                                             (2.11) 
v஘ୌ =
v஘୛ ቀ
R
R୶
ቁ
൬1 + HୌRπfv஘୛Q ൰
                                                   (2.12) 
f = 0.005൫1 + 3ඥc୭൯                                                 (2.13) 
c୭ =
Eab
ρ୥Q
                                                                  (2.14) 
v஘୛ =
v୧୬R୧୬
αR
                                                              (2.15) 
α = 1 − 0.4 ൬
b
R
൰
଴.ହ
                                                       (2.16) 
R୧୬ = R −
b
2
                                                               (2.17) 
where ρ୥ is the gas density, v୶ is the mean gas velocity in the vortex finder, v஘ୌ is the tangential 
velocity on the control surface, which in this case is the walls of the cyclone, f is the friction 
factor, Hୌ is the difference between the total height and the length of the vortex finder, R୶ is the 
radius of the vortex finder, Q is the volumetric flow rate moving through the cyclone, c୭ is the 
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mass ratio of particle dust entering the cyclone to the sweep gas flow rate, E is the elutriation 
flux, v஘୛ is the tangential velocity along the wall, R୧୬ is the radial position at the middle of the 
cyclone inlet, α is a “moment-of-momenta” ratio of the inlet gas and the tangential flow along 
the wall, R is the radius of the cyclone body, and K is a proportionality factor that has been found 
to equal 3.41 for vortex finders with rounded edges [11, 12]. 
 With regard to particle cut size, it is standard to identify a particle size that one wishes to 
separate with 50% efficiency. This particle size is the “cut-50” or the “x-50 cut point”. It is 
defined as: 
xହ଴ = ඨ
v୰ୌ9μD୶
ρୱv஘ୌଶ
                                                            (2.18) 
where ρୱ is the average particle density, μ is the dynamic viscosity of the sweep gas, and v୰ୌ is 
the radial velocity on the control surface, defined as: 
v୰ୌ =  
Q
πD୶Hୌ
                                                               (2.19) 
Based upon the calculated cut-50, a grade efficiency (η(x)) curve can be generated in 
order to determine the operating efficiency of the cyclone: 
η(x) =
1
1 + ቀxହ଴x ቁ
଺.ସ                                                          (2.20) 
Typically, a grade efficiency curve is set up such that the y-axis represents the “fractional 
efficiency” of the cyclone, while the x-axis represents the ratio of x and xହ଴. With this setup, 
when x/xହ଴ is equal to 1, a fractional efficiency of 50% has been achieved. It is also common to 
modify the x-axis such that it directly displays the particle diameter. When this is the case, the 
xହ଴ particle diameter is the value that corresponds with an efficiency of 50%. Figure 2.5 
illustrates an example of a modified grade efficiency curve.  
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Figure 2.5: Example of a modified grade efficiency curve. 
  
2.5 Particle Capture and Separation 
Theoretically, the cyclone solids catch consists of a combination of ash, biochar, and heat 
carrier material. Given the desire to analyze the content of the ash, it is necessary to separate it 
from the other solid components. This solid-solid separation could be accomplished using 
knowledge of particle density. Due to the fluffy texture of ash, it is hypothesized to have a 
relatively low true density. Within a fluid that has a higher density, ash particles should float. If 
the fluid is also less dense than the biochar and heat carrier, then these particles should sink, and 
sufficient solid separation would occur. Conversely, if the ash density is nearly identical to that 
of the biochar and/or heat carrier, then a more intricate procedure is necessary in order to 
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complete the separation. Therefore, one must test the ash density experimentally before selecting 
the appropriate pathway. 
In order to accelerate the separation process, one could utilize isopycnic centrifugation. In 
this process, particles are rapidly positioned within a fluid, based upon particle density, and due 
to centripetal force [13]. Particles of varying densities sediment at varying rates until a density 
equilibrium is reached. Once each solid has achieved equilibrium, the effect of buoyancy 
becomes dominant, and particles are easily separable. Figure 2.6 demonstrates an example of a 
centrifuged solids mixture. 
 
Figure 2.6: Sample product of isopycnic centrifugation [13]. 
 
Particles of different densities are positioned into unique bands along the container. For 
this form of centrifugation, it is recommended to use a fluid that has a greater density than all of 
the potential solid particles [13]. This way, each individual solid layer within the centrifuged 
fluid is not able to sediment on the bottom of the container, and each can be analyzed 
individually. However, because the composition of ash is the primary interest, it is reasonable to 
assume that a fluid with higher density than ash, yet lower density than biochar and the heat 
carrier is sufficient for the task at hand.  
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Another possibility in separating ash from other solids is the utilization of differential 
centrifugation. This method embraces the fact that particles of different sizes sediment at 
different rates. As a container spins, suspended spherical particles with a larger volume 
experience a greater centripetal force. This driving force is proportional to the cube of the 
particle radius [14]. At the same time, as particle surface area increases, it exerts a greater 
resistance to movement. This resistance is proportional to the square of the particle radius. Given 
the higher order proportionality of the driving force compared to the resistance, the net result is 
sedimentation. Most ash particles are significantly smaller than biochar and silica particles, and 
therefore would sediment at a slower rate. In the presence of a fluid that is denser than ash but 
less dense than biochar and silica, the ash would remain suspended and could be removed from 
the mixture. Even in the presence of a fluid that is less dense than all of the solids, the ash could 
be separated by carefully selecting the length of time of the rotation, and the speed of revolution.  
In the context of separating the components of a mixture of fine solid particles, 
centrifugation is a technique that is accompanied by multiple sources of error. Most importantly 
is the fact that it is extremely challenging to remove suspended solids from a centrifuged mixture 
with high efficiency. This leads to wide standard deviations in solids catch weight 
measurements. To maximize the precision, it is recommended to instead pursue methods based 
upon the thermal and chemical properties of the mixture components. 
 
2.6 Quantification of Ash Content 
2.6.1 Thermogravimetric Analysis 
Thermogravimetric Analysis (TGA) is a procedure used to measure the change in weight 
of a sample as a function of temperature and time. The operator typically programs the TGA to 
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apply a specified heating sequence, which includes a combination of temperature ramps and 
holds ranging from 25℃ to 900℃ [15]. Throughout the heating sequence, the measured change 
in weight of the sample can provide the operator with valuable information regarding the 
sample’s composition. For example, highly volatile components will be deducted from the 
overall sample mass at early stages in the heating process, while components with low volatility 
will remain.  
Applications of TGA measurements are broad, but include the determination of residual 
solvents or water content in a material, and purity calculations of minerals, organic materials, or 
inorganic compounds [15]. In the context of cyclone solids catch samples, TGA measurements 
allow one to determine the moisture, volatiles, and fixed carbon content, as well as the fraction 
of the sample that remained as unreacted residue. The unreacted residue is a combination of heat 
carrier and ash, which would need to be separated or distinguished using other methods. This 
will be discussed in greater detail in Chapter 3. 
 
2.6.2 Inductively Coupled Plasma 
 Inductively Coupled Plasma (ICP) is a technique commonly used to distinguish the 
presence of trace metals in solid or liquid samples [16]. Most importantly, the technique is 
capable of measuring the exact quantity of a specific element in a given sample. This makes ICP 
an essential tool in quantifying the content of ash. While most elements are detectable using this 
method, some are not, as shown in Figure 2.7 and Figure 2.8. 
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Figure 2.7: Detectable elements using Quadrupole or High Resolution ICP-MS. Elements                       
highlighted in red are not measurable using this technique [17]. 
 
 
Figure 2.8: Detectable elements using ICP Optical Emission Spectrometry [18]. 
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In Figure 2.7, all elements highlighted in yellow are detectable using a form of ICP. 
High-Resolution ICP mass spectrometry is capable of quantifying all elements highlighted in 
yellow, while Quadrupole ICP mass spectrometry is only effective in analyzing elements in 
yellow that are not accompanied by a pink “N/A” label. ICP Optical Emission Spectrometry 
(OES, Figure 2.8) serves as the middle-ground option between Quadrupole ICP and the 
extremely sensitive High-Resolution ICP techniques.  
To identify which form of ICP is most appropriate for the task of hand, a variety of 
publications were reviewed. These publications approximate elemental ash compositions from a 
variety of wood-based biomass feedstocks. The estimates are summarized in Table 2.3, where 
the unit of g/kg dry weight represents the grams of an element per kilogram of dry biomass. 
From estimates gathered in the literature, it is reasonable to assume that potassium, 
magnesium, calcium, aluminum, and iron will likely be found in all forms of wood fly ash. 
Because of the expected presence of these elements, it was determined that Quadrupole ICP is 
inadequate for the scope of this project. Further, due to the relatively large expected elemental 
compositions of ash, the extreme sensitivity of High-Resolution ICP is likely unnecessary. 
Therefore, ICP Optical Emission Spectrometry will be utilized.  
 The ICP analysis process can be divided into four stages: sample introduction, ICP torch, 
interface, and mass spectroscopy [19]. Samples introduced to the ICP torch must be in the gas 
phase. Therefore, it is imperative that liquid and solid samples are properly treated before 
composition analysis can occur. Liquid samples must undergo a nebulization process, where 
through contact with argon gas, a small amount of aerosol can be forced into the torch [18]. This 
aerosol is approximately the same composition as the original sample, and can then be properly 
analyzed. For solid samples, it is likely necessary to utilize the process of electro-thermal 
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vaporization, where an electric current is used in order to vaporize the sample. This sample again 
can be contacted with argon gas, forcing it into the torch. 
 
Table 2.3: Expected elemental components of ash [20-24].  
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 The torch is the location at which the sample gas or aerosol undergoes the process of 
atomization, where the sample is dried to a solid and then heated to a gas [19]. This occurs as the 
sample is within a medium of extremely hot argon plasma. Over time, inductive coupling occurs, 
where the atoms will absorb energy, releasing electrons and becoming ionized. The ions then 
approach the third stage of ICP, the interface. At the interface, the sample is depressurized such 
that it can undergo spectroscopy at a more reasonable temperature and pressure. Then, using the 
spectrometer, the wavelengths associated with the desired element are selected, the emission is 
measured, and the element composition is determined [18]. 
 
2.7 Summary 
 A continuous fast pyrolysis process is intriguing. The review of literature presents 
adequate reasoning to believe that achieving continuity is both physically feasible and desirable. 
However, the presence of ash negatively impacts fast pyrolysis yields, and a continuous process 
means that ash can build up in the reactor over time. By properly designing an ash collection 
cyclone, it is possible to capture and quantify the ash produced by the fast pyrolysis reaction, and 
study its elemental composition. The research behind this thesis will be centralized around this 
concept. 
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  CHAPTER III 
EQUIPMENT AND METHODS 
 
3.1 Overview 
In this chapter, the equipment and methods used in this study to conduct experiments and 
collect data will be thoroughly described. It will begin by discussing the setup of the fluidized 
bed reactor, followed by the design of the ash collection cyclone. The chapter will conclude by 
discussing the testing techniques utilized in order to analyze the operation of the cyclone and the 
content of the captured ash. 
 
3.2 Fluidized Bed Reactor 
The experimental setup consists of a fluidized bed reactor that acts as a heat carrier 
regenerator. It has a diameter of 0.108 m and a free space height of 1.3 m above the distributor 
plate. Thermocouples are installed at several locations along the height of the reactor so that 
temperature can be properly monitored. The approximate locations are shown in Figure 3.1, 
labeled as TBottom, TMiddle, and TTop. For each trial, a mixture of biochar and silica heat carrier is 
loaded into the regenerator, such that the unfluidized bed height is approximately 0.7 m. The 
reactor is then heat taped and insulated, and an ash collection cyclone is attached to the outlet 
port. 
 
26 
 
                            
Figure 3.1: Schematic of the regenerator showing the approximate locations of installed 
thermocouples, adapted from [25].  
 
 
3.3 Cyclone Design 
 The design of the ash collection system requires knowledge of the entrainment velocity 
of the ash as it elutriates out of the reactor. The entrainment velocity is related to the true density 
and particle diameter, as shown in Equations 2.4-2.6. For this study, the true density value is 
initially obtained by gathering and averaging values from a variety of literature sources, shown 
in Table 3.1.  
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Table 3.1: Average fly ash density values collected from the literature. 
Source Average Fly Ash Density (kg/m3) 
Naik and Kraus [23] 2450 
Lanzerstorfer [22] 2620 
Siddique [26]  2370 
Abdullahi [20] 2130 
Grand Average 2390 
 
 For the sake of simplicity, the ash particle diameter is initially assumed to be 10 μm. At a 
later point in the study, this value can be verified or adjusted. Using Equation 2.3, the ash 
entrainment velocity is then calculated with these estimations. In order to proceed with cyclone 
design calculations, additional parameters and measurements are necessary; these are outlined in 
Table 3.2. 
 
Table 3.2: Additional cyclone design parameters. 
Reactor Diameter 0.108 m 
Air Density at 500℃ [27] 0.457 kg/m3 
Air Viscosity at 500℃ [27] 3.55x10-5 kg/m-s 
Nitrogen Gas Density at 500℃ [27] 0.442 kg/m3 
Nitrogen Gas Viscosity at 500℃ [27] 3.49x10-5 kg/m-s 
Carbon Dioxide Density at 500℃ [27] 0.685 kg/m3 
Carbon Dioxide Viscosity at 500℃ [27] 3.42x10-5 kg/m-s 
Carbon Monoxide Density at 500℃ [27] 0.442 kg/m3 
Carbon Monoxide Viscosity at 500℃ [27] 3.56x10-5 kg/m-s 
 
 
The cyclone design correlations from [10] are then optimized using the Engineering 
Equation Solver [28]. By plotting the geometric parameters as a function of cut size, the cyclone 
geometric parameters are adjusted to values that encourage the desired cut size of 10 μm. These 
new parameters are outlined in Table 3.3.  
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Table 3.3: Adjusted Barth cyclone dimension correlations, where D is the cyclone body 
diameter. 
 
 a b Dx Dd H S Hc 
Barth 0.3D 0.2D 0.33D 0.33D 2.5D 0.75D 1.5D 
 
Using the new parameter correlations in conjunction with the parameters in Table 3.2 and 
Equations 2.12-2.19, cyclones of various diameters can be designed. By applying Equations 2.9-
2.11, the pressure drop across the cyclone can also be analyzed. In the interest of minimizing 
design cost, an optimal cyclone diameter should be selected such that the pressure drop is 
relatively low. Through observing the trends of the governing equations, it is evident that 
separation efficiency of ash improves as cyclone diameter decreases, while the pressure drop 
increases. Therefore, in order to determine an optimal design, a variety of grade efficiency 
curves must be generated and compared. Two sample MATLAB graphics generated for this 
purpose are shown in Figures 3.2 and 3.3. 
 
Figure 3.2: Comparison of grade efficiency curves as a function of particle cut size and cyclone 
body diameter (D). 
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Figure 3.3: Comparison of cyclone pressure drop as a function of body diameter. 
 
Once the optimal design is selected, a series of shakedown tests can determine whether 
the design is operating properly. Each shakedown test begins by loading the reactor bed with 
10.0 kg of silica, as well as 100.0 g of biochar particles that have been sieved to remove fines. 
Once the reactor bed is loaded, one can observe the functionality of the cyclone by flowing a 
sweep gas through the heated reactor, and fluidizing the bed at the proper velocity.  
 
3.4 Ash Characterization 
3.4.1 Overview of Ash Characterization 
In order to characterize the elutriated ash, it is analyzed using Thermogravimetric 
Analysis (TGA) and Inductively Coupled Plasma (ICP) analysis. As the reaction occurs within 
the fluidized bed, small particles elutriate and are captured by the designed cyclone. Because the 
captured particles include a mixture of ash, biochar, and silica, TGA and ICP measurements are 
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valuable in allowing one to specifically determine the amount of elutriated ash. The data 
obtained from TGA and ICP sub-samples can be extrapolated using mass balances to identify the 
overall ash content of elutriated and non-elutriated solid particle mixtures. The schematic in 
Figure 3.4 illustrates a broad overview of this procedure. 
 
 
 
 
Figure 3.4: General schematic of the ash analysis process. 
 
3.4.2 Sampling 
For each regeneration trial, the reactor bed is loaded with 10.0 kg of silica particles that 
are sieved into a diameter range of 355-425 μm, as well as 100.0 g of biochar that is sieved to 
remove particles less than 250 μm in diameter. The regenerator is then heated to the desired 
temperature, ranging from 450℃ to 750℃, in the presence of nitrogen sweep gas. Once heated 
to the appropriate temperature, any elutriated particles are removed from the cyclone catch, so as 
to best isolate ash that elutriates once oxygen is introduced. At this point, the sweep gas becomes 
air, and the regeneration is allowed to proceed for 45 minutes. After the reactor cools, the 
contents in the cyclone catch, typically weighing between 0.7 g and 4.5 g per trial, can be 
analyzed using TGA and ICP. Additionally, the remaining contents from the regenerator bed are 
manually sieved in order to separate particles that are less than 250 μm in diameter. 
Theoretically, all ash that remains in the regenerator bed would be removed during this sieving 
process. The composition of these sieved particles, typically weighing between 1.2 g and 5.6 g 
per trial, can then be determined using TGA and ICP.  
Sample 
(Ash, Biochar, Silica) 
TGA 
ICP 
Char wt% 
Ash + Silica Residue wt% 
Silica wt% 
Elemental Analysis 
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3.4.3 Thermogravimetric Analysis 
 The primary purpose of TGA in the context of this study is to determine the weight 
percentage of biochar, as well as the weight percentage of ash and silica residue in cyclone catch 
and bed remainder samples. One can then extrapolate this information using mass balances. As 
previously discussed in Section 2.6, this is accomplished by exposing a sample to high 
temperatures for an extended period of time, and monitoring the reduction in sample mass at 
each stage of the heating process. The TGA instrument operated at Iowa State University to 
collect this information is shown in Figure 3.5.  
 
Figure 3.5: Thermogravimetric analyzer used for this study. 
 
TGA 
 TGA Sample Cups 
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Typically, TGA sub-samples from the cyclone catch material weigh approximately 40 
mg/sample, and sub-samples from the bed remainder weigh approximately 100 mg/sample. 
These are loaded into the TGA sample plate, and are exposed to the following heating sequence:  
1) The temperature is ramped from 25.0℃ to 105.0℃ at a rate of 10 K/min, while nitrogen 
gas flows through at 100 mL/min. This temperature is then held constant for 40 minutes. 
2) The temperature is once again ramped from 105.0℃ to 900℃ at a rate of 10 K/min. The 
nitrogen gas flow rate remains constant. This temperature is then held constant for 20 
minutes. 
3) Finally, the gas is changed to air instead of pure nitrogen, and flowed through at 100 
mL/min while the temperature is maintained at 900℃ for 30 minutes. 
A sample TGA curve that follows this heating sequence is shown in Figure 3.6, where the 
vertical axis represents the change in sample mass over the course of the TGA heating sequence, 
and the horizontal axis represents changes in both time and temperature. TGA curves are divided 
into three notable sections: reduction in mass due to moisture loss (1st decline), reduction in mass 
due to volatile combustion (2nd decline), and reduction in mass due to fixed carbon combustion 
(3rd decline). Each of these sections is accompanied in Figure 3.6 with a list of attributes that 
include a step percentage, residue percentage, limits, heating rates, etc. In reading these curves, a 
feature of high importance is the step percentage. In the case of the 2nd and 3rd declines, the step 
percentage directly determines the weight percentage of volatiles and fixed carbon in the sample, 
respectively.
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Figure 3.6: Sample heating curve, generated from the TGA output file. This printout illustrates the reduction in sample mass at each 
stage of the heating sequence, as well as the weight percentage of solids residue. 
1st Decline 2nd Decline 
3rd Decline 
Step Percentage 
Step 
Percentage 
Residue 
Percentage 
34 
 
In Figure 3.6, the sample has a volatiles weight percentage of 22%, and a fixed carbon 
weight percentage of 47%. The weight percentage of ash in the sample is determined by 
observing the residue percentage in the section on the right. For this example, the weight 
percentage of ash is 28%. The 1st decline, related to moisture content, is calculated using 
Equation 3.1. 
 
Moisture wt% = ୗୟ୫୮୪ୣ ୑ୟୱୱିୖୣୱ୧ୢ୳ୣ ୑ୟୱୱ
ୗୟ୫୮୪ୣ ୑ୟୱୱ
= ସଶ.ଵ ୫୥ିସ଴.ଽ ୫୥
ସଶ.ଵ ୫୥
= 0.029 wt%            (3.1) 
 
3.4.4 Inductively Coupled Plasma 
 Data obtained from ICP measurements allows one to determine the elemental 
composition of ash collected in the cyclone or remaining in the regenerator bed. As discussed in 
Chapter 2, solid samples must first undergo digestion before they can be analyzed using ICP. 
This digestion is accomplished by mixing 500 mg of a sample with 10 mL of trace metal grade 
(70 wt%) nitric acid, and placing it inside of the microwave reaction system shown in Figure 3.7 
for approximately 45 minutes. 
 
Figure 3.7: Microwave reaction system utilized in order to digest and prepare solids for ICP. 
Microwave Reaction System 
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Once digested, samples are mixed with deionized water and filtered into 10 to 15 mL 
allotments before ICP analysis begins. The ICP Optical Emission Spectrometer used for analysis 
is shown in Figure 3.8. 
 
Figure 3.8: ICP Optical Emission Spectrometer utilized to investigate sample composition. 
 
Once spectrometry is complete, a Microsoft Excel document is generated that reveals the 
elemental composition of the sample. This information can be analyzed in a variety of ways, and 
will be further addressed in the next chapter. 
 
3.4.5 Determination of Sample Mass Distributions 
In order to identify the mass distribution of solids in the cyclone catch and regenerator 
bed remainder samples, a mass balance is required. Using cyclone catch material as the example, 
the process begins by understanding that the contents captured are exclusively ash, biochar, and 
silica. The mass of the cyclone catch contents is known, and defined as mେ୷ୡ୪୭୬ୣ. 
 
                                mେ୷ୡ୪୭୬ୣ =  mୗୟ୬ୢ + m୆୧୭ୡ୦ୟ୰ +  m୅ୱ୦,   ୅ୡ୲୳ୟ୪                                   (3.2)                                     
ICP Optical Emission Spectrometer 
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TGA measurements provide the weight percentages of volatiles, fixed carbon, and 
moisture in a sample, all of which are combined to represent the mass of biochar. With this 
information, the mass of biochar in a sample, m୆୧୭ୡ୦ୟ୰, is readily available by applying the 
following equation. 
 
       m୆୧୭ୡ୦ୟ୰ =  (mେ୷ୡ୪୭୬ୣ)(wt%୚୭୪ୟ୲୧୪ୣୱ + wt%୊୧୶ୣୢ େୟ୰ୠ୭୬ + wt%୑୭୧ୱ୲୳୰ୣ)           (3.3)                 
 
Any solid material that remains in a TGA sample at the end of the heating sequence is 
referred to as TGA residue, and includes a combination of silica and ash. Some of the ash could 
come directly from the cyclone catch, but a portion of it is residue from biochar combustion 
during the TGA heating sequence. In order to distinguish ash from silica, one can employ the 
acidic digestion stage of ICP. Upon exposure to nitric acid, biochar and ash particles are 
digested, while silica particles are not. Consequently, following the acidic digestion stage of ICP 
sample preparation, one can filter the silica particles. These are then dried and weighed in order 
to determine their weight percentage in the ICP sample, wt%ୗୟ୬ୢ. 
 
                                             wt%ୗୟ୬ୢ =
୫౏౗౤ౚ,   ౅ిౌ
୫౅ిౌ ౐౥౪౗ౢ
                                                            (3.4)                                                        
 
By assuming that the cyclone and bed remainder solid mixtures are homogeneous, this 
experimentally obtained weight percentage is applied toward calculating the mass of silica in the 
cyclone catch, mୗୟ୬ୢ.  
 
  mୗୟ୬ୢ =  (mେ୷ୡ୪୭୬ୣ)( wt%ୗୟ୬ୢ)                                                 (3.5)                                             
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The weight percentage of the total amount of ash in samples, wt%୘୭୲ୟ୪ ୅ୱ୦,   େ୷ୡ୪୭୬ୣ, can 
then be calculated by applying and rearranging a mass balance on the TGA residue. 
 
wt%୘୭୲ୟ୪ ୅ୱ୦,   େ୷ୡ୪୭୬ୣ =  
୫౐ృఽ ౎౛౩౟ౚ౫౛ି(୵୲%౏౗౤ౚ)(୫౐ృఽ ౐౥౪౗ౢ)
୫౐ృఽ ౐౥౪౗ౢ
                     (3.6)                     
 
One can then estimate the total amount of ash in cyclone catch samples, 
m୘୭୲ୟ୪ ୅ୱ୦,   େ୷ୡ୪୭୬ୣ. 
 
m୘୭୲ୟ୪ ୅ୱ୦,   େ୷ୡ୪୭୬ୣ =  (mେ୷ୡ୪୭୬ୣ)൫ wt%୘୭୲ୟ୪ ୅ୱ୦,   େ୷ୡ୪୭୬ୣ൯                      (3.7) 
 
In order to distinguish elutriated ash from the product of TGA biochar combustion, one 
can perform a mass balance over the total amount of ash present in a TGA sample. This is 
possible if the ash content of the biochar feedstock is known, which can be determined through a 
TGA measurement on a washed biochar sample. 
 
m୅ୱ୦,   ୅ୡ୲୳ୟ୪ = m୘୭୲ୟ  ୅ୱ୦,   େ୷ୡ୪୭୬ୣ − (m୆୧୭ୡ୦ୟ୰) (wt%୅ୱ୦,   ୆୧୭ୡ୦ୟ୰ ୊ୣୣୢ)            (3.8)                
 
The same procedure applies to calculating the mass distribution of regenerator bed 
remainder samples. In general, it is expected that cyclone catch samples will contain high 
amounts of biochar and ash, while bed remainder samples will contain a proportionally large 
amount of silica.  
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3.5 Summary 
By following the methods presented in this chapter, one is equipped to perform an ash 
content analysis over a fluidized bed regenerator system. It is recommended to carefully track the 
presence of biochar, ash, and pyrolysis vapors throughout each system component. With data 
carefully tabulated, conclusions can be drawn regarding variations in reactor operating 
conditions. 
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CHAPTER IV 
RESULTS AND DISCUSSION 
 
4.1 Overview 
In this chapter, the results of this study are summarized and discussed. It will begin by 
presenting the design of the ash collection cyclone, as well as steps taken to verify its 
functionality. The chapter will continue with a mass composition analysis of cyclone catch and 
regenerator bed remainder samples. It will conclude with an investigation of experimental error 
and repeatability. 
 
4.2 Cyclone Design 
From the adjusted correlations presented in Table 3.3, cyclones were designed using 
distinct assumptions about the composition of the sweep gas. During the heat-up phase of the 
regenerator, the sweep gas is supplied as pure nitrogen, but is mixed with ambient air as it passes 
through the reactor. As combustion occurs in the presence of oxygen, products of carbon dioxide 
and carbon monoxide are introduced as well. Due to the presence of air in the heat-up phase, as 
well as the supplied air sweep gas during the regeneration phase, it is important to determine the 
extent to which each component of the sweep gas impacts the estimated cyclone design. This is 
accomplished by comparing the calculated cyclone dimensions under the assumption of pure 
sweep gas streams of air, oxygen, carbon dioxide, and carbon monoxide. The respective cyclone 
designs that capture 10 μm particles with a 50% separation efficiency are shown in Figures 4.1a-
4.4a, and corresponding efficiency curves are shown in Figures 4.1b-4.4b. 
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Figure 4.1a: Cyclone design using the Barth model, assuming the sweep gas is air. 
 
 
Figure 4.1b: Efficiency curve corresponding with the Barth model cyclone with air sweep gas. 
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Figure 4.2a: Cyclone design using the Barth model, assuming the sweep gas is nitrogen. 
 
  
Figure 4.2b: Efficiency curve corresponding with the Barth model cyclone with nitrogen sweep 
gas. 
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Figure 4.3a: Cyclone design using the Barth model, assuming the sweep gas is carbon dioxide. 
 
 
Figure 4.3b: Efficiency curve corresponding with the Barth model cyclone with carbon dioxide 
sweep gas. 
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Figure 4.4a: Cyclone design using the Barth model, assuming the sweep gas is carbon 
monoxide. 
 
 
Figure 4.4b: Efficiency curve corresponding with the Barth model cyclone with carbon 
monoxide sweep gas. 
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It is clear that the composition of the sweep gas only marginally impacts the cyclone 
design estimates. To reduce design and manufacturing time, the designed dimensions were 
compared against two cyclones currently available in the lab, understanding that the true sweep 
gas composition is a mixture of the four components. Each owned cyclone has a body diameter, 
D, that is smaller than 6.4 cm (2.5”). As body diameter decreases, separation efficiency responds 
inversely. Therefore, the owned cyclones are capable of separating 10 μm particles with higher 
efficiency at the cost of an increased pressure drop. The pressure drop is a function of the 
velocity at which the sweep gas flows into the cyclone, which in itself is dependent upon the 
cyclone dimensions. Given the fact that experimental sweep gas velocities are relatively low, the 
increased pressure drop is insignificant. Based upon information derived from grade efficiency 
curves and the associated pressure drop, it was determined that an in-house cyclone with a body 
diameter of 3.0 cm (1.2”) is sufficient for the scope of this study. Its dimensions are presented in 
Figure 4.5. Assuming performance is similar to Barth model projections, this cyclone 
theoretically is capable of capturing 3.2 μm particles with 50% efficiency, and 10 μm particles 
with as high as 99% efficiency, as shown in Figure 4.6. 
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Figure 4.5: Dimensions of an owned cyclone with a body diameter of 3.0 cm (1.2”). Instead of 
using the Barth correlations, these dimensions were manually measured. This cyclone 
is used for all experiments during this research. 
 
 
Figure 4.6: Efficiency curve corresponding with the owned cyclone that has a body diameter of 
3.0 cm (1.2”). 
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4.3 Shakedown Tests 
In order to verify that the designed cyclone is operating properly, a variety of shakedown 
tests were conducted. In the first shakedown test, the feasibility of the in-house cyclone was 
tested using pure nitrogen as the sweep gas, and a bed composed of sieved biochar and silica 
particles. The cyclone is designed to capture particles on the order of 10 μm in diameter, and no 
ash should form under these conditions. Therefore, nothing should be captured by the cyclone 
upon bed fluidization. However, even if silica and biochar are sieved to remove particles with dp 
≤ 10 μm, particle attrition occurs within the reactor. As a result of particle attrition, the cyclone 
captured both silica and biochar particles of this size.  
The second shakedown test examined the effect of combustion on the biochar within the 
reactor by introducing oxygen to the originally pure nitrogen gas stream. In the presence of 
oxygen, biochar combusts, and ash particles form. Given particle attrition within the reactor, the 
cyclone captured very small silica and non-combusted biochar particles in addition to the ash 
created by biochar combustion.  
The final shakedown test demonstrated the full experimental setup—the sweep gas was a 
combination of oxygen and nitrogen, and the silica within the reactor bed was identical to what 
would be used for data collection. The intent behind this test was to simulate a full experimental 
setup, ensuring that potential errors are identified and corrected before accelerated data 
collection takes place. Ultimately, the shakedown tests yielded expected results, suggesting that 
the designed cyclone is sufficient for data collection. 
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4.4 Elutriated Solids 
4.4.1 Elutriated Contents at Constant Temperature and Varying Gas Velocity 
 Regeneration trials were conducted at constant temperatures of 450℃ and 550℃, with 
the air sweep gas varied from the minimum fluidization velocity (umf) to 2.5x umf. The masses of 
elutriated solids during regeneration trials were recorded, and are presented in Figure 4.7-Figure 
4.12.  Elutriated ash was measured by analyzing sieved bed contents following regeneration, and 
subtracting the remaining ash from the theoretical maximum. This way, the extent of bed 
regeneration is more accurately represented than the result of solely measuring the ash content in 
the cyclone catch. As discussed in Section 3.4, the theoretical maximum mass of elutriated ash is 
obtainable by conducting TGA measurements on washed biochar samples. In this case, biochar 
was measured as having an average ash composition of 2.1 wt%. Because 100 g of biochar is 
loaded into the regenerator for each trial, the maximum amount of ash that can elutriate is 2100 
mg. For elutriated biochar and silica, it is more practical to directly measure cyclone contents. In 
these figures, error bars represent the standard deviation of two or three measurements. If a data 
point does not have error bars, insufficient captured solids were available to conduct multiple 
measurements. Note that the vertical axis effectively represents the elutriation rate of solids over 
an experimental time interval of 45 minutes. The given values would change if the experimental 
time interval was adjusted. 
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Figure 4.7: Change in the mass of elutriated ash as a function of sweep gas velocity at T = 450℃ 
and run time = 45 minutes. The maximum theoretical mass of ash that could elutriate 
is 2100 mg, based upon TGA measurements on washed biochar feedstock. 
 
 
 
Figure 4.8: Change in the mass of captured biochar as a function of sweep gas velocity at          
T = 450℃ and run time = 45 minutes. The regenerator bed is initially loaded with 
100.0 g of biochar. 
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Figure 4.9: Change in the mass of captured silica as a function of sweep gas velocity at               
T = 450℃ and run time = 45 minutes. The regenerator bed is initially loaded with 
10.0 kg of silica. 
 
 For regeneration trials at 450℃, the general trend shows an increase in the amount of 
elutriated ash as the sweep gas velocity increases. This trend follows what is predicted from 
Equation 2.7, where the rate of elutriated solids increases as the gas velocity increases. 
Additionally, this trend is reasonable because at higher gas velocities, it is more likely for even 
the largest ash particles to become entrained. It is also shown that, in general, the amount of 
elutriated biochar increases with sweep gas velocity. The only exception occurred at a velocity of 
2x umf, which can be attributed to an abnormally large amount of biochar dust particles that 
skewed the results. Therefore, once again, the rate of elutriated biochar follows the prediction of 
Equation 2.7. In the case of silica, the elutriated mass is far lower in magnitude, and does not 
seem to follow an obvious trend. It is speculated that this is a result of the fact that the sweep gas 
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never reaches the entrainment velocity of silica particles, which is relatively high compared to 
ash and biochar. The only silica particles that elutriate are those formed from particle attrition. 
For a constant regeneration temperature of 550℃, the similar trends were observed. The 
elutriation rate of ash generally increases as sweep gas velocity increases, although this time with 
a local minimum at 2x umf. The cause is unknown at this time, but it is speculated that this could 
be a result of the orientation of particles within the fluidized bed influencing their ability to 
elutriate. In this case, the rate of biochar elutriation strongly followed expectations, while the rate 
of silica elutriation showed similar behavior to the 450℃ regeneration trials. 
 
 
Figure 4.10: Change in the mass of elutriated ash as a function of sweep gas velocity at              
T = 550℃ and run time = 45 minutes. The maximum theoretical mass of ash that 
could elutriate is 2100 mg, based upon TGA measurements on washed biochar 
feedstock. 
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Figure 4.11: Change in the mass of captured biochar as a function of sweep gas velocity at         
T = 550℃ and run time = 45 minutes. The regenerator bed is initially loaded with 
100.0 g of biochar. 
 
 
Figure 4.12: Change in the mass of captured silica as a function of sweep gas velocity at             
T = 550℃ and run time = 45 minutes. The regenerator bed is initially loaded with 
10.0 kg of silica. 
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The elutriation efficiency is an effective metric to gauge the extent to which the loaded 
silica heat carrier is regenerated. This can be calculated using Equation 4.1. 
η୅ୱ୦ ୉୪୳୲୰୧ୟ୲୧୭୬ =
୫ఽౙ౪౫౗ౢ ఽ౩౞ ుౢ౫౪౨౟౗౪౛ౚ
୫౐౞౛౥౨౛౪౟ౙ౗ౢ ఽ౩౞ ుౢ౫౪౨౟౗౪౛ౚ
                                  (4.1) 
If the elutriation efficiency is low, the heat carrier is poorly regenerated. If it is close to 1, 
or 100%, then the regeneration is highly effective. The calculated elutriation efficiencies for 
constant temperatures of 450℃ and 550℃, respectively, are shown in Figures 4.13 and 4.14. In 
both cases, the general trend shows improvement in ash elutriation efficiency as the sweep gas 
velocity increases. These results verify the findings of Gentry et al. [29], who theoretically and 
experimentally reached the same conclusion for spherical particles. 
 
 
Figure 4.13: Elutriation efficiency of ash as a function of sweep gas velocity at T = 450℃ and 
run time = 45 minutes.  
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Figure 4.14: Elutriation efficiency of ash as a function of sweep gas velocity at T = 550℃ and 
run time = 45 minutes.  
 
 Using ICP, the abundance of metals in the cyclone catch samples was quantified. The 
results show that, for all cases at regeneration temperatures of 450℃ and 550℃, calcium and 
potassium were much more prominent than any other metal studied. Figures 4.15 and 4.16 
illustrate this finding. Table 4.1 shows the measured abundance of trace elements for 
regeneration conditions of T = 550℃ and ug = 2.9 cm/s. Note that these ICP results include ash 
content from elutriated biochar particles that were captured by the cyclone. A full summary of 
the ICP results can be found in Appendix A. 
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Figure 4.15: ICP results for high abundance metals in cyclone catch samples. T = 450℃, varying 
sweep gas velocity. 
 
 
Figure 4.16: ICP results for high abundance metals in cyclone catch samples. T = 550℃, varying 
sweep gas velocity. 
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Table 4.1: ICP results for tested low abundance metals in a cyclone catch sample. Regeneration 
conditions: T = 550℃, ug = 2.9 cm/s (ug/umf = 1). 
 
 
 
As a more effective means of comparison, Figures 4.17 and 4.18 illustrate changes in the 
masses of captured calcium and potassium. Note that the theoretical maximum masses for 
calcium and potassium are 500 mg and 400 mg, respectively, determined by conducting ICP 
measurements on a washed biochar sample. 
 
 
Figure 4.17: ICP elemental mass results for high abundance metals in cyclone catch samples.     
T = 450℃, varying sweep gas velocity. 
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Figure 4.18: ICP elemental mass results for high abundance metals in cyclone catch samples.     
T = 550℃, varying sweep gas velocity. 
 
Generally, the masses of captured calcium and potassium increase with sweep gas 
velocity. If one concludes that these elements are the most abundant in ash particles, then the 
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distinguishing the composition of elutriated ash from that of the elutriated solids mixture. 
Elemental concentration ranges are provided in Table 4.2, where upper and lower estimates are 
the overall maximum and minimum measured concentrations across all experimental conditions.  
The experimentally obtained data correlate strongly with what was found in the literature, 
as previously summarized in Table 2.3 [20-24]. All measured elemental concentrations are 
within an order of magnitude of the associated findings in the literature. The primary difference 
between the measured and theoretical values is the fact that calcium is the most abundant 
element, as opposed to the expected element, potassium. Because ash composition significantly 
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varies depending on the feedstock, this is likely a result of the literature incorporating elemental 
composition data from a variety of biomass sources. In this case, the biomass feedstock is red 
oak. The abundance of calcium in ash from a red oak feedstock is verified by observing the 
findings of an ash concentration study conducted by Misra et al [24]. The results of this study 
suggest that the most abundant elements in red oak ash are, in descending order, calcium and 
potassium.  
 
Table 4.2: Approximate concentration ranges of studied elements in ash samples. Regeneration 
conditions include temperatures of 450℃ and 550℃, and sweep gas flow velocities 
ranging from umf to 2.5x umf. 
 
Element Lower Estimate 
(g/kg dry weight) 
Upper Estimate 
(g/kg dry weight) 
Aluminum 0 4 
Calcium 337 823 
Copper 0 3 
Iron 4 47 
Magnesium 0 30 
Manganese 0 22 
Phosphorus 0 12 
Potassium 72 468 
Sodium 0 25 
Sulfur 0 24 
Zinc 0 1 
 
 
4.4.2 Elutriated Contents at Constant Gas Velocity and Varying Temperature 
 To better understand the effect of temperature on particle elutriation, additional 
regeneration trials were conducted. For these trials, the sweep gas velocity was restricted to 
approximately ug = 3.6 cm/s, and temperature was varied from 450℃ and 750℃. The mass of 
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elutriated ash was first measured using the same method as the constant temperature trials, and 
the results are shown in Figure 4.19.  
 
 
Figure 4.19: Change in the mass of elutriated ash as a function of temperature at ug = 3.6 cm/s 
and run time = 45 minutes. The maximum theoretical mass of ash that could 
elutriate is 2100 mg, based upon TGA measurements on washed biochar feedstock. 
 
A detectable trend does not appear in these results, which is likely a consequence of 
unavoidable error associated with the experimental methods and homogeneous mixture 
assumption. In a secondary attempt to clarify the results, the mass of ash was measured directly 
from the contents of the cyclone catch. These values are not indicative of the total amount of ash 
that elutriates, but still sufficiently represent general trends. Figure 4.20 illustrates these results. 
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Figure 4.20: Change in the mass of captured ash as a function of temperature at ug = 3.6 cm/s 
and run time = 45 minutes. The maximum theoretical mass of ash that could 
elutriate is 2100 mg, based upon TGA measurements on washed biochar feedstock. 
 
In this case, a trend is much clearer, but still strays from expected results. It appears that a 
larger amount of ash is captured by the cyclone at relatively low temperatures compared to high 
temperatures. Additionally, results are relatively constant between 450℃ and 550℃, as well as 
between 650℃ and 750℃. From this data, one can speculate that an ideal maximum 
regeneration temperature exists, and does not exceed 650℃ for this experimental setup. 
However, in theory, particles should elutriate more efficiently with increasing temperature, due 
to decreasing minimum fluidization velocity. It is possible that, at high temperatures, a larger 
amount of biochar elutriated during the reactor heat-up stage in the presence of nitrogen sweep 
gas. If more biochar prematurely elutriates, less ash can form. Another possibility is that the ash 
and silica could fuse together at higher temperatures, due to the regenerator flame front 
exceeding the melting point of calcium [30]. However, larger particles or agglomerates were not 
visually observed. Additionally, this result could be a consequence of extrapolation error from 
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TGA sub-sampling. The difference between the maximum and minimum masses of ash captured 
in the cyclone is low compared to the theoretical maximum mass of 2100 mg, which means that 
any errors or inconsistencies in the sub-sampling process have a significant impact on the 
presented results. 
 
4.5 Non-Elutriated Solids 
Practically, the goal of this research is to determine optimal conditions for heat carrier 
regeneration, so that one uses a minimal amount of resources when operating continuously. 
Therefore, it is important to know how much ash remains in the bed following a regeneration 
trial. Figures 4.21 and 4.22 illustrate this as a function of sweep gas velocity for constant 
regeneration temperatures of 450℃ and 550℃, respectively. 
 
Figure 4.21: Change in the mass of non-elutriated ash as a function of sweep gas velocity at       
T = 450℃ and run time = 45 minutes. The maximum theoretical mass of ash that 
could elutriate is 2100 mg, based upon TGA measurements on washed biochar 
feedstock. 
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Figure 4.22: Change in the mass of non-elutriated ash as a function of sweep gas velocity at       
T = 550℃ and run time = 45 minutes. The maximum theoretical mass of ash that 
could elutriate is 2100 mg, based upon TGA measurements on washed biochar 
feedstock. 
 
It is clear that the general trend in the data is a lessened amount of remaining ash in the 
regenerator bed as the sweep gas velocity increases. This is consistent with Figures 4.7 and 4.10, 
which showed that the amount of elutriated ash generally increases with sweep gas velocity. Any 
ash that does not elutriate theoretically remains in the bed. Interestingly, nearly 100% of the ash 
did elutriate from the bed at high sweep gas velocities for both temperatures. Qualitatively, it 
appears that at least 98% of the loaded biochar particles combust or elutriate from the 
regenerator bed as well for all tested sweep gas velocities. 
Similar to the examination of cyclone catch samples, regenerator bed remainder samples 
were studied using ICP to determine their elemental composition. These results are displayed in 
Figures 4.23 and 4.24. 
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Figure 4.23: ICP results for high abundance metals in regenerator bed remainder samples.          
T = 450℃, varying sweep gas velocity. 
 
 
Figure 4.24: ICP results for high abundance metals in regenerator bed remainder samples.          
T = 550℃, varying sweep gas velocity. 
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Figures 4.25 and 4.26 illustrate the approximate masses of calcium and potassium 
remaining in the regenerator bed after constant temperature trials at 450℃ and 550℃, 
respectively. 
 
 
Figure 4.25: ICP elemental mass results for high abundance metals in regenerator bed remainder 
samples. T = 450℃, varying sweep gas velocity. 
 
 
 
Figure 4.26: ICP elemental mass results for high abundance metals in regenerator bed remainder 
samples. T = 550℃, varying sweep gas velocity. 
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Multiple findings arise from these ICP results. First is the fact that calcium and potassium 
are still two of the most prevalent metals in the bed remainder samples, along with a relatively 
high concentration of iron. However, their weight percentages are considerably lower than what 
was found in cyclone catch samples, with calcium showing the most significant change. On an 
elemental mass basis, it is clear that the amount of calcium and potassium remaining in the 
regenerator bed decreases with increasing sweep gas velocity. This validates the trends of 
Figures 4.17 and 4.18, which showed increasing masses of calcium and potassium in the cyclone 
catch. However, it is worth noting that the summation of elemental masses captured in the 
cyclone and remaining in the regenerator bed does not equal the theoretical maximum. 
Therefore, it is concluded that these results are associated with a degree of experimental error.  
 
4.6 Microscopic Imaging 
An important assumption utilized in much of this analysis is that the collected cyclone 
and regenerator bed samples are homogeneous mixtures. In an effort to prove the reasonability of 
this assumption, microscopic imaging was pursued. As an added benefit, microscopic imaging 
allows one to better understand the composition of the cyclone catch mixtures, which helps 
verify mathematically and experimentally obtained results. First, the magnification in Figure 
4.27 illustrates the approximate size of elutriated ash particles, which appear as tiny gray 
irregularly shaped solids.  
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Figure 4.27: Magnification of an ash sample collected from the second shakedown test. The 
sample contains a small amount of biochar particles in a diagonal band along the 
center of the image. (Image Credit: Meng Han, PhD Candidate at Iowa State 
University) 
 
It is worth noting that the ash particles seem to clump together with minimal gaps 
between them, while biochar particles clump together more loosely. Figure 4.28 shows a 
magnified image of an elutriated biochar sample, where particles appear to take on a wide variety 
of shapes and sizes – some are elongated, and some are more spherical. Figure 4.29 shows a 
magnified image of a silica sample, where particles are consistently similar in shape and size. 
These silica particles had previously been sieved into a consistent size range of 355-425 μm. 
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Figure 4.28: Magnification of an elutriated biochar sample. (Image Credit: Meng Han, PhD 
Candidate at Iowa State University) 
 
 
 
 
 
Figure 4.29: Magnification of a properly sieved silica sample. These particles are the same size 
as those used for regeneration trials. (Image Credit: Meng Han, PhD Candidate at 
Iowa State University) 
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Having knowledge of the general shapes and size ranges of ash, biochar, and silica, 
microscopic imaging was then used to examine a cyclone catch sample. This is shown in Figure 
4.30.  
 
 
 
Figure 4.30: Magnification of a cyclone catch sample collected after a regeneration trial with     
T = 550℃, ug = 2.9 cm/s (ug/umf = 1). (Image Credit: Meng Han, PhD Candidate at 
Iowa State University) 
 
Two conclusions can be drawn from the pursuit of microscopic imaging. First is the fact 
that the homogeneous mixture assumption cannot be proven or disproven. Due to the methods 
involved in preparing microscope samples – manually scooping particles onto a slide, spreading 
them out to form a flat field of view, etc. – it is not possible to accurately assess the homogeneity 
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of the sample. The second conclusion is the fact that this cyclone catch sample, as well as the 
vast majority of the others, contains a proportionally large amount of biochar particles when 
compared to ash and silica. It was determined from Figure 4.27 that ash particles appear as gray, 
which is a color that is difficult to distinguish in the cyclone catch image. Because ash particles 
tend to clump together, and because experimentally it was determined that cyclone catch samples 
should contain a substantial amount of ash, it is safe to assume that the ash is found in the 
regions where tiny particles are compact. The black color in the cyclone catch image, compared 
to the expected gray color, is likely the result of biochar dust particles forming a layer 
surrounding the ash. 
 
4.7 Repeatability of Cyclone Catch Experiments 
To verify the repeatability of the results, three identical trials were conducted under 
regeneration conditions of 550℃ and 1.5x umf. The resulting masses of elutriated and captured 
solids are shown in Figure 4.31-Figure 4.34. Again, the error bars represent one standard 
deviation of two or three samples from the same regeneration trial. Overall, results are 
consistent, particularly for elutriated and captured ash. To reiterate, “captured ash” refers to the 
actual amount of ash captured in the cyclone, while “elutriated ash” is a representation of all ash 
that elutriates during regeneration. Captured biochar and silica vary a little more from trial to 
trial, but still remain relatively predictable in magnitude. 
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Figure 4.31: Ash elutriation comparison over multiple trials conducted at T = 550℃ and          
ug = 1.5x umf. The maximum theoretical mass of ash that could elutriate is 2100 mg, 
based upon TGA measurements on washed biochar feedstock. Run time = 45 
minutes. 
 
 
Figure 4.32: Ash collection comparison over multiple trials conducted at T = 550℃ and            
ug = 1.5x umf The maximum theoretical mass of ash that could elutriate is 2100 mg, 
based upon TGA measurements on washed biochar feedstock. Run time = 45 
minutes. 
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Figure 4.33: Biochar collection comparison over multiple trials conducted at T = 550℃ and     
ug = 1.5x umf. The regenerator bed is initially loaded with 100.0 g of biochar.        
Run time = 45 minutes. 
 
 
Figure 4.34: Silica collection comparison over multiple trials conducted at T = 550℃ and         
ug = 1.5x umf. The regenerator bed is initially loaded with 10.0 kg of silica.          
Run time = 45 minutes.  
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Based upon the results of Figure 4.35 and Figure 4.36, which show the repeatability of 
measured elemental composition, it appears that the magnitudes of the calcium and potassium 
weight percentages in both the cyclone catch and regenerator bed remainder samples are 
relatively predictable. The values vary, but easily remain within the same order of magnitude. 
Therefore, it is concluded that the results of these experiments are repeatable within the 
presented margins of error. 
 
 
Figure 4.35: Abundance of calcium and potassium from three separate cyclone catch samples. 
All three samples are taken from regeneration trials conducted at T = 550℃ and    
ug = 1.5x umf. 
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Figure 4.36: Abundance of calcium and potassium from three separate bed remainder samples 
following regeneration trials. All three samples are taken from regeneration trials 
conducted at T = 550℃ and ug = 1.5x umf. 
  
4.8 Error Analysis 
 Several sources of error were present throughout this research, and likely had an impact 
on the presented results. As one would expect, a small amount of error is likely introduced from 
general imperfections in the utilized scales and machinery, as well as due to human error 
involved in operating them. However, the largest potential for error arises from the homogeneous 
mixture assumption. It was assumed that each TGA or ICP sub-sample from the cyclone catch 
had the same overall composition. If the mixture is even slightly nonhomogeneous, 
extrapolations from TGA and ICP data would be associated with a significant amount of error. 
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Additionally, because human error is involved in the process of creating sub-samples for TGA or 
ICP measurements, further extrapolation error exists. These sources of error directly influenced 
the precision of mass composition calculations. 
Another leading source of error that specifically applies to regenerator bed remainder 
samples is related to particle sieving. For each trial, bed remainder samples were manually 
sieved, which introduces human error into the sampling process. This leads to inconsistencies in 
the amount of available sieved material, and potentially could impact the measured solid mixture 
composition. In future experiments, this human error could be removed by using machinery for 
sieving. Sieving error could also be reduced by performing more than one trial per regeneration 
condition, and determining an average mass and composition of the sieved material. 
 Throughout the experimental trials, it was evident that the cyclone was capturing ash with 
low efficiency. Even after calculating the ash composition of the cyclone catch and regenerator 
bed remainder samples for each trial, a significant portion of ash was absent. Several factors 
could have contributed to this. First is the fact that some biochar particles elutriated during the 
heat-up phase of regeneration trials. These were removed from the solids catch before 
introducing oxygen to the sweep gas stream, and were not weighed because the ash content was 
assumed to negligibly compare to the mass of elutriated ash particles. Another factor is that the 
sweep gas was not preheated before entering the regenerator bed. As a result, biochar 
prematurely elutriated in the presence of oxygen during regeneration trials. Due to the sub-
sampling process for TGA and ICP measurements, the presence of biochar in the elutriation 
stream impacts the accuracy of cyclone catch composition measurements. Additionally, it is 
speculated that excess biochar in the cyclone inlet stream could negatively impact collection 
efficiency, allowing some ash-sized particles to enter and exit the cyclone without falling into the 
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solids catch. As a final possibility, calcium, the primary elemental component of ash from red 
oak, could melt and fuse with silica particles at high temperatures. In this case, the ash could fuse 
with silica particles that have a diameter larger than 250 μm, meaning that the ash content would 
not be measured in sieved regenerator bed remainder samples. Agglomerated particles were not 
observed, but it is speculated that insufficient trials were conducted for this to become visible 
without magnification. 
 
4.9 Summary 
Ultimately, most results correlated well with expectations from the literature. Ash 
elutriation efficiency was relatively high for all experimental conditions, and clear mass 
composition trends were discovered for constant temperatures and varying sweep gas velocities. 
Experimental error, particularly the homogeneous mixture assumption, certainly contributed 
toward imprecise results. However, assuming experimental error is minimized in the future, a 
repeatability examination shows that one should have little difficulty in replicating the findings 
of this study. 
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CHAPTER V 
CONCLUSIONS AND FUTURE WORK 
 
5.1 Overview 
Through the research supporting this thesis, the objectives outlined in Section 1.4 have 
been addressed. This chapter will discuss primary conclusions regarding these objectives, as well 
as recommended work to expand upon the results and analysis in the future.  
 
5.2 Conclusions 
5.2.1 Objective 1: Design an ash collection cyclone. 
 Through application of the Barth model, a collection cyclone was designed with the 
intent to separate particles that are 10 μm in diameter with 50% efficiency. This design served as 
the basis to justify the installation of an in-house cyclone with a body diameter of 3.0 cm. The 
cyclone was verified as operational through a series of shakedown tests. Ultimately, calculations 
indicate that the installed cyclone captured ash with below 50% efficiency, despite the fact that 
ash elutriated with above 50% efficiency. It is believed that these calculations are impacted by 
assumptions and inefficiencies in the experimental setup. The separation efficiency of the 
cyclone could improve if these effects were mitigated. 
 
5.2.2 Objective 2: Determine the conditions to elutriate and capture ash from the biochar 
regenerator. 
 Regeneration temperatures and sweep gas velocities were varied over multiple trials in 
order to understand their effects on particle elutriation. For each set of experimental conditions, 
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the sweep gas velocity exceeded the minimum fluidization velocity of the silica bed particles, as 
well as the entrainment velocity of the ash. As a result, a measurable amount of ash always 
elutriated from the regenerator and was captured by the cyclone.  Under conditions of constant 
temperature and increasing sweep gas velocity, it was determined that ash elutriation efficiency 
generally rises. This finding validates expectations from the literature [29]. Given a constant 
sweep gas velocity and increasing temperature, the measured mass of elutriated ash showed an 
unexpected downward trend. Theoretically, the opposite should occur. Because minimum 
fluidization velocity decreases with rising temperature, ash should more readily elutriate. 
Considering that measured masses are low in comparison to the theoretical maximum, this result 
is highly sensitive to the homogeneous mixture assumption and human error in the sampling 
process. With a more precise method of measurement, it is expected that ash elutriation 
efficiency would increase. 
 
5.2.3 Objective 3: Measure the mass and composition of the particles in the cyclone catch in 
order to determine the ash content that was elutriated. 
 Cyclone catch and regenerator bed remainder samples were examined using 
Thermogravimetric Analysis (TGA) and Inductively Coupled Plasma (ICP) mass spectroscopy. 
Typically, cyclone catch samples consisted of 9-18 wt% ash, 73-90 wt% biochar, and 5-12 wt% 
silica fines, while sieved regenerator bed remainder samples contained 5-33 wt% ash, 8-56 wt% 
biochar, and 37-78 wt% silica (see Appendix B for specifics, as some outliers are omitted from 
this summary). Elemental analysis from ICP shows that calcium and potassium are abundant in 
ash from red oak, making up 34-82 wt% and 7-47 wt% of its total composition, respectively. 
Due to the assumption of solid mixture homogeneity, these calculations may deviate from true 
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values. However, a repeatability assessment showed that individual measurements can be 
recreated by following a similar procedure. 
 
5.3 Recommendations for Future Work 
 Several aspects of this research could be strengthened or verified through additional work 
in the future. One area to address is the fact that a substantial portion of elutriated ash does not 
appear in the cyclone catch after each regeneration trial. It is speculated that some of the missing 
ash might have passed through the cyclone without falling into the solids catch. This speculation 
could be verified by installing a filtration system at the gas outlet port of the cyclone. A filtration 
system could catch any solid particles that are entrained within the gas outlet stream, allowing 
one to measure the ash composition. It is also recommended to measure the mass of the biochar 
that elutriates during the regenerator heat-up phase, as opposed to only that which elutriates in 
the presence of oxygen. Knowing the mass of prematurely elutriated biochar, as well as the mass 
of solid particles entrained in the cyclone’s gas outlet stream, one can properly track the presence 
of ash throughout the regeneration process. Additionally, one can generate mass balances to 
more accurately determine cyclone efficiency and the total mass of elutriated ash.   
 A second area that would benefit from additional work is microscopic imaging. Images 
from Section 4.6 were taken with a compound microscope at 4x magnification, with the intention 
of addressing the accuracy of the homogeneous mixture assumption. However, these images 
were only able to confirm that the cyclone catch sample composition is dominated by biochar. In 
the future, it is recommended to use a Scanning Electron Microscope (SEM) with higher 
magnification to gain a better visual understanding of solid sample compositions. It is speculated 
that the utilization of an SEM could allow one to more easily distinguish biochar from ash and 
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silica particles, and potentially draw conclusions pertaining to the accuracy of the homogeneous 
mixture assumption. In conjunction with SEM, one can pursue is Energy Dispersive 
Spectroscopy (EDS) to gain a stronger understanding of the elemental composition of samples 
viewed under a microscope. Data obtained from EDS measurements could be helpful in 
validating ICP results, in addition to identifying the presence of highly abundant elements like 
carbon, calcium, and potassium. Further, EDS measurements could allow one to identify 
elements that were not detectable using ICP. 
 Finally, it is recommended to find ways to improve the precision of sample preparation. 
This could include using a machine instead of humans to sieve biochar and regenerator bed 
remainder particles into the desired size range. An additional possibility is to remove human 
error from the sub-sampling process by using machinery to perform the same task. Ultimately, 
imprecise sample preparation was a leading source of error in this research, and mitigating this 
would be advantageous in the future.  
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APPENDIX A 
ICP RAW DATA 
Appendix A provides average measured weight percentages of metals in cyclone catch 
and regenerator bed remainder samples, as well as in washed biochar samples. Note that total 
percentages do not add to 100% due to the presence of elements that are not tested with ICP. 
Standard deviations are provided for cases where multiple samples are available. 
 
Table A.1: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 450℃, ug = 3.6 cm/s (ug/umf = 1). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.1% 0.00% 
Calcium 9.0% 1.35% 
Copper 0.1% 0.00% 
Iron 0.8% 0.07% 
Magnesium 0.4% 0.03% 
Manganese 0.2% 0.01% 
Potassium 1.8% 0.25% 
Phosphorus 0.1% 0.01% 
Sodium 0.1% 0.01% 
Sulfur 0.3% 0.02% 
Zinc 0.0% 0.00% 
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Table A.2: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 450℃, ug = 5.4 cm/s (ug/umf = 1.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% 0.00% 
Calcium 8.5% 0.90% 
Copper 0.0% 0.00% 
Iron 0.1% 0.00% 
Magnesium 0.3% 0.04% 
Manganese 0.2% 0.03% 
Potassium 4.8% 0.94% 
Phosphorus 0.1% 0.02% 
Sodium 0.2% 0.04% 
Sulfur 0.2% 0.04% 
Zinc 0.0% 0.00% 
 
 
 
 
Table A.3: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 450℃, ug = 7.2 cm/s (ug/umf = 2). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% 0.00% 
Calcium 5.5% 0.91% 
Copper 0.0% 0.02% 
Iron 0.2% 0.01% 
Magnesium 0.3% 0.01% 
Manganese 0.2% 0.01% 
Potassium 3.7% 0.67% 
Phosphorus 0.1% 0.01% 
Sodium 0.2% 0.02% 
Sulfur 0.1% 0.00% 
Zinc 0.0% 0.00% 
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Table A.4: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 450℃, ug = 9.0 cm/s (ug/umf = 2.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% 0.00% 
Calcium 6.1% 1.29% 
Copper 0.0% 0.01% 
Iron 0.1% 0.00% 
Magnesium 0.3% 0.01% 
Manganese 0.2% 0.01% 
Potassium 3.5% 0.41% 
Phosphorus 0.1% 0.00% 
Sodium 0.2% 0.02% 
Sulfur 0.1% 0.00% 
Zinc 0.0% 0.00% 
 
 
 
 
Table A.5: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 550℃, ug = 2.9 cm/s (ug/umf = 1). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% N/A 
Calcium 11% N/A 
Copper 0.0% N/A 
Iron 0.4% N/A 
Magnesium 0.3% N/A 
Manganese 0.2% N/A 
Potassium 1.4% N/A 
Phosphorus 0.1% N/A 
Sodium 0.1% N/A 
Sulfur 0.3% N/A 
Zinc 0.0% N/A 
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Table A.6: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 550℃, ug = 4.4 cm/s (ug/umf = 1.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% 0.00% 
Calcium 11.4% 3.44% 
Copper 0.0% 0.03% 
Iron 0.2% 0.03% 
Magnesium 0.4% 0.05% 
Manganese 0.3% 0.03% 
Potassium 3.6% 0.88% 
Phosphorus 0.1% 0.02% 
Sodium 0.2% 0.07% 
Sulfur 0.1% 0.01% 
Zinc 0.0% 0.01% 
 
 
 
 
Table A.7: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 550℃, ug = 5.8 cm/s (ug/umf = 2). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% 0.00% 
Calcium 7.6% 0.17% 
Copper 0.0% 0.01% 
Iron 0.7% 0.06% 
Magnesium 0.3% 0.02% 
Manganese 0.2% 0.01% 
Potassium 2.2% 0.08% 
Phosphorus 0.1% 0.01% 
Sodium 0.2% 0.00% 
Sulfur 0.2% 0.02% 
Zinc 0.0% 0.00% 
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Table A.8: Average ICP results for metals in a cyclone catch sample. Regeneration conditions:  
T = 550℃, ug = 7.3 cm/s (ug/umf = 2.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% 0.00% 
Calcium 8.4% 0.34% 
Copper 0.0% 0.00% 
Iron 0.4% 0.02% 
Magnesium 0.3% 0.02% 
Manganese 0.2% 0.01% 
Potassium 3.7% 0.23% 
Phosphorus 0.1% 0.00% 
Sodium 0.2% 0.06% 
Sulfur 0.1% 0.00% 
Zinc 0.0% 0.00% 
 
 
 
 
Table A.9: Average ICP results for metals in a bed remainder sample. Regeneration conditions:  
T = 450℃, ug = 3.6 cm/s (ug/umf = 1). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.2% 0.09% 
Calcium 1.3% 0.73% 
Copper 0.0% 0.00% 
Iron 2.9% 1.84% 
Magnesium 0.2% 0.10% 
Manganese 0.1% 0.05% 
Potassium 1.1% 0.61% 
Phosphorus 0.1% 0.04% 
Sodium 0.2% 0.10% 
Sulfur 0.2% 0.10% 
Zinc 0.0% 0.00% 
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Table A.10: Average ICP results for metals in a bed remainder sample. Regeneration conditions: 
T = 450℃, ug = 5.4 cm/s (ug/umf = 1.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.1% 0.01% 
Calcium 0.8% 0.13% 
Copper 0.0% 0.00% 
Iron 0.5% 0.07% 
Magnesium 0.1% 0.01% 
Manganese 0.0% 0.01% 
Potassium 0.8% 0.09% 
Phosphorus 0.0% 0.00% 
Sodium 0.1% 0.01% 
Sulfur 0.0% 0.00% 
Zinc 0.0% 0.00% 
 
 
 
 
Table A.11: Average ICP results for metals in a bed remainder sample. Regeneration conditions: 
T = 450℃, ug = 7.2 cm/s (ug/umf = 2). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.2% 0.01% 
Calcium 0.5% 0.02% 
Copper 0.0% 0.00% 
Iron 1.9% 0.03% 
Magnesium 0.1% 0.00% 
Manganese 0.0% 0.00% 
Potassium 0.5% 0.01% 
Phosphorus 0.0% 0.01% 
Sodium 0.0% 0.03% 
Sulfur 0.0% 0.00% 
Zinc 0.0% 0.00% 
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Table A.12: Average ICP results for metals in a bed remainder sample. Regeneration conditions: 
T = 450℃, ug = 9.0 cm/s (ug/umf = 2.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.4% N/A 
Calcium 1.0% N/A 
Copper 0.0% N/A 
Iron 2.1% N/A 
Magnesium 0.1% N/A 
Manganese 0.1% N/A 
Potassium 1.1% N/A 
Phosphorus 0.1% N/A 
Sodium 0.1% N/A 
Sulfur 0.1% N/A 
Zinc 0.0% N/A 
 
 
 
 
Table A.13: Average ICP results for metals in a bed remainder sample. Regeneration conditions: 
T = 550℃, ug = 2.9 cm/s (ug/umf = 1). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.2% 0.03% 
Calcium 2.8% 0.89% 
Copper 0.1% 0.03% 
Iron 2.9% 0.53% 
Magnesium 0.2% 0.05% 
Manganese 0.1% 0.03% 
Potassium 1.3% 0.30% 
Phosphorus 0.1% 0.03% 
Sodium 0.1% 0.02% 
Sulfur 0.3% 0.07% 
Zinc 0.0% 0.00% 
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Table A.14: Average ICP results for metals in a bed remainder sample. Regeneration conditions: 
T = 550℃, ug = 4.4 cm/s (ug/umf = 1.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.1% 0.04% 
Calcium 1.0% 0.27% 
Copper 0.0% 0.01% 
Iron 1.1% 0.64% 
Magnesium 0.1% 0.02% 
Manganese 0.1% 0.01% 
Potassium 0.9% 0.18% 
Phosphorus 0.0% 0.00% 
Sodium 0.1% 0.11% 
Sulfur 0.0% 0.01% 
Zinc 0.0% 0.01% 
 
 
 
 
Table A.15: Average ICP results for metals in a bed remainder sample. Regeneration conditions: 
T = 550℃, ug = 5.8 cm/s (ug/umf = 2). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.2% N/A 
Calcium 0.5% N/A 
Copper 0.0% N/A 
Iron 3.4% N/A 
Magnesium 0.1% N/A 
Manganese 0.1% N/A 
Potassium 0.5% N/A 
Phosphorus 0.1% N/A 
Sodium 0.1% N/A 
Sulfur 0.1% N/A 
Zinc 0.0% N/A 
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Table A.16: Average ICP results for metals in a bed remainder sample. Regeneration conditions: 
T = 550℃, ug = 7.3 cm/s (ug/umf = 2.5). 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.9% N/A 
Calcium 1.5% N/A 
Copper 0.0% N/A 
Iron 7.5% N/A 
Magnesium 0.3% N/A 
Manganese 0.1% N/A 
Potassium 1.3% N/A 
Phosphorus 0.2% N/A 
Sodium 0.0% N/A 
Sulfur 0.1% N/A 
Zinc 0.0% N/A 
 
 
 
 
Table A.17: Average ICP results for metals in a washed biochar sample. 
 
Tested Elements Weight % Standard Deviation 
Aluminum 0.0% N/A 
Calcium 0.5% N/A 
Copper 0.0% N/A 
Iron 0.0% N/A 
Magnesium 0.1% N/A 
Manganese 0.0% N/A 
Potassium 0.4% N/A 
Phosphorus 0.0% N/A 
Sodium 0.0% N/A 
Sulfur 0.0% N/A 
Zinc 0.0% N/A 
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APPENDIX B 
MASS COMPOSITION RAW DATA 
 
Appendix B tabulates the mass composition of cyclone catch and regenerator bed  
remainder samples. Standard deviations are provided for cases where multiple samples are 
available. 
 
Table B.1: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 450℃, ug = 3.6 cm/s (ug/umf = 1). 
 
Particle Type Weight % Standard Deviation 
Silica 12% 1.7% 
Biochar 73% 0.3% 
Ash 15% 2.1% 
 
 
 
Table B.2: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 450℃, ug = 5.4 cm/s (ug/umf = 1.5). 
 
Particle Type Weight % Standard Deviation 
Silica 6% 1.0% 
Biochar 82% 2.0% 
Ash 10% 3.0% 
 
 
 
Table B.3: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 450℃, ug = 7.2 cm/s (ug/umf = 2). 
 
Particle Type Weight % Standard Deviation 
Silica 6% 1.0% 
Biochar 89% 0.6% 
Ash 9% 0.3% 
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Table B.4: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 450℃, ug = 9.0 cm/s (ug/umf = 2.5). 
 
Particle Type Weight % Standard Deviation 
Silica 6% 0.6% 
Biochar 86% 2.0% 
Ash 8% 0.3% 
 
 
Table B.5: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 550℃, ug = 2.9 cm/s (ug/umf = 1). 
 
Particle Type Weight % Standard Deviation 
Silica 11% N/A 
Biochar 77% 0.3% 
Ash 14% 0.3% 
 
 
 
Table B.6: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 550℃, ug = 4.4 cm/s (ug/umf = 1.5). 
 
Particle Type Weight % Standard Deviation 
Silica 7% 0.8% 
Biochar 74% 2.0% 
Ash 18% 2.0% 
 
 
 
Table B.7: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 550℃, ug = 5.8 cm/s (ug/umf = 2). 
 
Particle Type Weight % Standard Deviation 
Silica 11% 2.0% 
Biochar 85% 0.3% 
Ash 9% 2.0% 
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Table B.8: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 550℃, ug = 7.3 cm/s (ug/umf = 2.5). 
 
Particle Type Weight % Standard Deviation 
Silica 9% 1.0% 
Biochar 82% 1.0% 
Ash 9% 0.3% 
 
 
 
Table B.9: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 550℃, ug = 3.6 cm/s. 
 
Particle Type Weight % Standard Deviation 
Silica 8% 0.3% 
Biochar 75% 0.8% 
Ash 16% 1.0% 
 
 
 
Table B.10: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 650℃, ug = 3.6 cm/s. 
 
Particle Type Weight % Standard Deviation 
Silica 5% N/A 
Biochar 85% 4.0% 
Ash 9% 2.0% 
 
 
 
Table B.11: Average mass composition results for a cyclone catch sample. Regeneration 
conditions: T = 750℃, ug = 3.6 cm/s. 
 
Particle Type Weight % Standard Deviation 
Silica 5% 0.2% 
Biochar 90% 0.5% 
Ash 4% 0.6% 
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Table B.12: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 450℃, ug = 3.6 cm/s (ug/umf = 1). 
 
Particle Type Weight % Standard Deviation 
Silica 63% 19% 
Biochar 26% 9.0% 
Ash 11% 23% 
 
 
 
Table B.13: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 450℃, ug = 5.4 cm/s (ug/umf = 1.5). 
 
Particle Type Weight % Standard Deviation 
Silica 37% 7.0% 
Biochar 56% 3.0% 
Ash 6% 4.0% 
 
 
 
Table B.14: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 450℃, ug = 7.2 cm/s (ug/umf = 2). 
 
Particle Type Weight % Standard Deviation 
Silica 62% 0.04% 
Biochar 13% N/A 
Ash 24% N/A 
 
 
 
Table B.15: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 450℃, ug = 9.0 cm/s (ug/umf = 2.5). 
 
Particle Type Weight % Standard Deviation 
Silica 78% N/A 
Biochar 16% N/A 
Ash 5% N/A 
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Table B.16: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 550℃, ug = 2.9 cm/s (ug/umf = 1). 
 
Particle Type Weight % Standard Deviation 
Silica 47% 7.0% 
Biochar 33% 6.0% 
Ash 20% 6.0% 
 
 
 
Table B.17: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 550℃, ug = 4.4 cm/s (ug/umf = 1.5). 
 
Particle Type Weight % Standard Deviation 
Silica 41% 11% 
Biochar 41% 5.0% 
Ash 17% 6.0% 
 
 
 
Table B.18: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 550℃, ug = 5.8 cm/s (ug/umf = 2). 
 
Particle Type Weight % Standard Deviation 
Silica 62% N/A 
Biochar 8% N/A 
Ash 30% N/A 
 
 
 
Table B.19: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 550℃, ug = 7.3 cm/s (ug/umf = 2.5). 
 
Particle Type Weight % Standard Deviation 
Silica 98% N/A 
Biochar 18% N/A 
Ash 0% N/A 
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Table B.20: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 550℃, ug = 3.6 cm/s. 
 
Particle Type Weight % Standard Deviation 
Silica 13% N/A 
Biochar 53% 3.0% 
Ash 33% 3.0% 
 
 
 
Table B.21: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 650℃, ug = 3.6 cm/s. 
 
Particle Type Weight % Standard Deviation 
Silica 68% 6.0% 
Biochar 25% 14% 
Ash 8% 11% 
 
 
 
Table B.22: Average mass composition results for a bed remainder sample. Regeneration 
conditions: T = 750℃, ug = 3.6 cm/s. 
 
Particle Type Weight % Standard Deviation 
Silica 6% N/A 
Biochar 11% 4.0% 
Ash 84% 1.0% 
 
 
 
 
 
